First principles electronic structure calculations have been carried out on ordered doubleperovskites Sr2B ′ B ′′ O6 (for B ′ = Cr or Fe and B ′′ 4d and 5d transition metal elements) with increasing number of valence electrons at the B-sites, and on Ba2MnReO6 as well as Ba2FeMoO6. The Curie temperatures are estimated ab initio from the electronic structures obtained with the local spin-density functional approximation, full-potential generalized gradient approximation and/or the LDA+U method (U -Hubbard parameter). Frozen spin-spirals are used to model the excited states needed to evaluate the spherical approximation for the Curie temperatures. In cases, where the induced moments on the oxygen was found to be large, the determination of the Curie temperature is improved by additional exchange functions between the oxygen atoms and between oxygen and B ′ and B ′′ atoms. A pronounced systematics can be found among the experimental and/or calculated Curie temperatures and the total valence electrons of the transition metal elements.
I. INTRODUCTION
Recently, the report of room temperature colossal magnetoresistance (CMR) in the ordered double-perovskite, Sr 2 FeMoO 6 has attracted enormous research interest.
1
The high degree of spin polarization in Sr 2 FeMoO 6 and other magneto resistive materials is believed to be due to the half-metallic nature of these materials.
1,2,3 Halfmetallic materials as proposed by de Groot et al. 4 are metallic with respect to one spin direction whereas the other spin direction is insulating/semiconducting leading to 100 percent spin polarization at the Fermi energy (E F ). At the same time, Kübler et al. 5 also recognized nearly vanishing minority-spin densities at the E F and suggested about peculiar transport properties in Heusler alloys.
It is known that the giant magnetoresistance GMR can be enhanced in high spin polarized materials. Therefore, materials with a high spin polarization are essential for applications in spintronic devices. Among various families of materials with promising half-metallic ferro/ferrimagnetism (HMF), however, large values of tunnelling magneto resistance (TMR) have not been reported at room temperature, because of their low Curie temperatures (T C ). Thus, finding half-metallic ferromagnetic materials with high T C is important in the area of spintronics. Some of the double-perovskite oxides have attracted considerable attention due to their very high T C (well above room temperature). 6 For example, Sr 2 CrReO 6 is known to be a metallic ferrimagnet with highest T C of ≈ 635 K. In search of doubleperovskites with high T C , we noticed an intriguing trend ( Fig. 1 ) in the measured T C s with the total number of valence electrons of the transition metals. To emphasize the observed trends we included the Curie temperatures for Ca 2 B ′ B ′′ O 6 which, however, will not be further considered here.
In previous work 7 the electronic and magnetic structure as well as trends in the Curie temperatures of several Heusler compounds were studied. These are fairly sim-ple intermetallics for which our theoretical approach was found to work quite well. Chemically completely different are the double-perovskites (intermetallics versus oxides). In contrast to the Heusler compounds the doubleperovskites exhibit a larger range of physical properties: not only half-metallic magnets but also magnetic insulators and Mott-Hubbard insulators, for which our theoretical approach is put to a severe test here.
Thus, in this work we have studied the electronic and magnetic structures of several ordered double-perovskites Sr 2 B ′ B ′′ O 6 with B ′ = Cr(III) and Fe(III) while the B ′′ -site is occupied by a 4d or 5d transition metal element. We also included the interesting pair Ba 2 MnReO 6 and Ba 2 FeMoO 6 . A systematic theoretical study of the electronic and magnetic structures of these doubleperovskites has been carried out in view of the halfmetallic and ferro/ferrimagnetic properties in these materials. The Curie temperatures of known members were calculated ab initio to compare with the experimentally measured values. In addition, the calculations have been extended to predict the T C 's of three new members.
II. COMPUTATIONAL DETAILS
Three different computational procedures were applied to obtain the electronic and magnetic structure of the double-perovskites. The simplest is the local spin-density functional approximation (LSDA) to density functional theory. 8, 9 The numerical work was done using the augmented spherical wave approximation (ASW). 10 In those cases where the magnetic moments of a perovskite under question collapsed in the calculation and/or the expected (see e.g. ref.
1 ) half-metallic property was not obtained, the LSDA was replaced by a full-potential generalized gradient approximation (GGA).
11 Here the numerical work was done with an extension of the ASW-method due to Knöpfle et al. 12 In two cases metallic antiferromagnets were obtained in contrast to experimental information.
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In this case the electron correlations were assumed to be insufficiently described by both the LSDA and the GGA. Therefore, the semi-empirical LDA+U method 14 was used that is known to provide a relatively simple and good approximation to the problem of correlated electrons. It was incorporated into the ASW-method by Sandratskii. 15 In the present calculations a value for the Hubbard parameter U was employed that is in line with other experience.
14,16
The LSDA, the GGA, and LDA+U method, besides serving to describe the electronic structure, are also employed for obtaining low-lying excited states from the total energies of frozen spin-spirals with wave vectors q, called spiral energies. 17, 18, 19 In this context the validity of the adiabatic approximation is tacitly assumed. The spiral energies are expressed as exchange energies or exchange functions, j τ τ ′ (q), which depend on two basis vectors of the constituent magnetic atoms, τ and τ ′ , and on wave vectors that span the irreducible part of the Brillouin zone (BZ). The quantities j τ τ ′ (q) are extracted from the spiral energies by an algorithm given in ref. 21 For the numerical work the force theorem 22,23 is used, i.e. to obtain the spiral energies the band energies are summed up to the Fermi energy for a given spin configuration using for these calculations the self-consistent ground-state potential.
To estimate the Curie temperatures of the doubleperovskites the spherical approximation was used, as described by Moriya 24 for itinerant-electron magnetism in elementary systems, and extended to magnetic compounds by one of these authors. 21 The Curie temperature in this approximation is given by
Here the exchange functions j n (q) are eigenvalues of a secular equation and are given in the simplest approximation in terms of three quantities sufficient for the description of the magnetism of double-perovskites, A 2 B ′ B ′′ O 6 : j 11 (q) describing the exchange interaction between the magnetic B ′ -atoms, j 22 (q) between the B ′′ -atoms and j 12 (q) between the B ′ -and B ′′ -atoms. The quantity L τ in equation (1) is the local moment of the atom at site τ . In principle it must be determined self-consistently, see equation (12) in, 21 but an acceptable approximation for the double-perovskites is L τ = M τ , where M τ is the zero temperature moment of the atom at site τ . This is so, because the magnetic moments are well localized in spite of their originating from itinerant electrons. To support this statement one looks at the change of the local magnetic moments when the tilt of the nearest-neighbor moments is large; in our case the change is less than 0.2 % for the magnetically dominating B ′ -atoms and round about 1.6 % or less for the weaker moments of the B ′′ -atoms. In some of the double-perovskites the induced moments on the oxygen were found to be relatively large, nearly reaching 0.1 µ B per oxygen, thus adding up to a sizable amount in the unit cell. In these cases the determination of the Curie temperature is improved by using in addition to j 11 (q), j 22 (q), and j 12 (q) three more exchange functions, namely j 33 (q), j 13 (q), and j 23 (q) that describe the interaction between the O-atoms, between the O-atoms and atom B ′ , and the O-atoms and atom B ′′ , respectively. These parameters are also extracted from the spiral energies in a somewhat cumbersome procedure. The details are omitted here.
III. RESULTS OF THE CALCULATIONS
In presenting the results of our calculations we use as a "coordinate" the number of total valence electrons, N V , in the double-perovskite, A 2 B ′ B ′′ O 6 , that are supplied by the transition metal elements B ′ and B ′′ . The remaining electrons from the A-and O-atoms remain the same in Compound NV symm. the series under investigation, which leads us to suppress them in the presentation. However, we will notice that chemical valence will not obey such a simple scheme. We begin with Table I and the Figs. 2, 3 and 4. The measured crystal structures and lattice constants given in Table I were used in the calculations except when they are tetragonal (I4/m). In these cases the crystal structure was approximated by a cubic cell (F m3m) using lattice constants that were calculated from the measured atomic volumes. It is seen that for the first five compounds, Sr 2 CrB ′′ O 6 with B ′′ = Mo, W, Re, Ru, and Os, N V increases (N V = 4, 5 and 6), whereas the calculated total magnetic moments, M calc tot decrease. This is so, because the individual moments of Cr and B ′′ couple antiparallel until they are entirely compensated for the compounds Sr 2 CrRuO 6 and Sr 2 CrOsO 6 . The latter could thus be called zero-moment ferrimagnets. The densities of states (DOS) shown in Fig. 2 and 3 (Sr 2 CrMoO 6 , Sr 2 CrWO 6 and Sr 2 CrReO 6 ) show a gap at the Fermi energy in the up-spin direction (upper parts of the graphs) typical for half-metallic ferrimagnetism (HMF). In all the DOS figures the energy is counted from the Fermi energy.
The dominant structures at low energies (black lines) are mainly due to the O 2p-electrons. For Sr 2 CrRuO 6 and Sr 2 CrOsO 6 shown in Fig. 4 the half-metallic gap is found in the down-spin electrons. Sr 2 CrOsO 6 has been made by Krockenberger et al., 27 who also computed the electronic structure, which is in agreement with Fig. 4 as far as the insulating property is concerned.
Also insulating with zero gap in the up-spin electrons is the compound Sr 2 CrRuO 6 , shown in Fig. 4 . In Table  I the label MIN is understood to mean magnetic insulator. Clearly, it is of a different kind than for instance NiO, which is known to be a Mott-Hubbard insulator. A recent calculation by Lee and Pickett 28 agrees fairly well with ours. Our attempts to prepare this phase under ambient pressure have not been successful thus far. The Curie temperature is predicted to be 577 K in the approximation with 6 exchange functions. A larger value of 719 K is obtained in the simpler approximation with 3 exchange functions, where the induced magnetic moments of oxygen are ignored. The latter value, although less reliable, seems to conform more with the trend shown in Fig. 1 than the former. Our electronic structure calculation of Sr 2 CrReO 6 in absence of spin-orbit coupling resulted a total magnetic moment of 1.0 µ B per formula unit and a half-metallic ferrimagnetic (HMF) ground state. However, recently it has been shown experimentally that the system is not halfmetallic, in the true sense, due to a large orbital contribution to the magnetization (saturation was obtained only at a much higher field, ≈ 20 T). 29, 30 The measured saturation magnetization of 1.38 µ B for Sr 2 CrReO 6 was close to the value theoretically predicted by Vaitheeswaran et al.
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The next member in the series with N V = 7, Sr 2 CrIrO 6 , is an interesting case. A calculation of the electronic structure using the GGA gives a half-metallic ferrimagnet, for which the density of states is shown in This result has to be questioned: correlations are likely to alter the electronic structure and result in a MottHubbard insulator. LDA+U calculations were therefore employed but we find that even in this case the antiferromagnet remains metallic. Comparable calculations by Fang et al. 16 also show that the LDA+U method not always opens a gap at the Fermi energy.
In calculating the Curie temperature by means of equation (1) the eigenvalues j n (q) are approximations of the spin-wave spectrum. Negative values of j n (q) are unphysical and usually signal that the assumed magnetic structure is incorrect. Since this was not seen in the present calculations for the HMF-state, we conclude that this state is at least metastable. Furthermore, the spinwave spectrum for the metallic antiferromagnet obtained by means of the LDA+U method is found to be unphysical. Thus we discard the antiferromagnetic solution but cannot predict that experimentally prepared Sr 2 CrIrO 6 will be a HMF.
Next we concentrate on the Fe containing doubleperovskites, Sr 2 FeB ′′ O 6 with increasing number of valence electrons on the transition metal atoms (Table I) . For the N V = 6 -double-perovskite, Sr 2 FeMoO 6 , we show the densities of states in Fig. 6 . We see HMF behavior with a large total magnetic moment of M tot = 4 µ B per f.u. The DOS for Sr 2 FeMoO 6 is nearly identical with that previously obtained by Kobayashi et al. 1 and Fang et al. 16 Another earlier study by Sarma et al. 32 also agrees with our calculations. In this case, our calculation for the Curie temperature underestimates the experimental value and gives 360 K, which is to be compared with the experimental value of 420 K. The LSDA was used here for simplicity, although the GGA might result in a somewhat better estimate.
The double-perovskite series for B ′ = Fe and N V = 7, we continue with Sr 2 FeTcO 6 and Sr 2 FeReO 6 for which the densities of states are shown in Fig. 7 . Both are HMF. For Sr 2 FeTcO 6 the Curie temperature we calculate to be about 160 K, which is most likely underestimated. Sr 2 FeReO 6 possesses a total magnetic moment of M tot = 3 µ B , which is the result of a ferrimagnetic moment arrangement comparable to the N V = 4 to 6 cases in Sr 2 CrB ′′ O 6 series. The DOS for Sr 2 FeReO 6 shown in Fig. 7 is nearly identical with the previously published results by Fang et al. 16 Our calculation for the Curie temperature gives T C = 384 K in good agreement with the measured value of 400 K. We remark that the calculations were done using an idealized cubic structure and the simple LSDA. The case of N V = 8, Sr 2 FeRuO 6 , is again found to be unstable as a ferromagnet with an unphysical spinwave spectrum (SWS). This means a branch of the SWS becomes negative indicating that the assumed state is not the ground state. A search for the correct state was carried out via the non-collinear states formed by spin-spirals which lead to a total-energy minimum at K = ( ). This is again the AFII structure; it is metallic. As in the previous case for Sr 2 CrIrO 6 , the metallic antiferromagnetic solution found here has to be questioned. Thus, taking into account electron correlations again by the LDA+U method we find Sr 2 FeRuO 6 to be a Mott-Hubbart insulator (MHI) with a small gap at the Fermi energy, see Fig. 8 . Here the two Fe-peaks below -6 eV are the filled t 2g -and e g -states pushed to this low energy by the Hubbard U . In contrast to the observations of Fang et al., 16 we find the magnetic moment of Ru to be stable and arranged orthogonal to the Fe moments. However, an attempt to determine the Néel temperature failed because the SWS dipped into unphysical negative values again. Thus the MHI as determined here still has to be questioned.
We finish with two double-perovskites having N V = 6: Ba 2 FeMoO 6 and Ba 2 MnReO 6 . Although somewhat outside the series discussed above, we find them of importance for supporting the predictive nature of our calculations. Fig. 9 shows that Ba 2 FeMoO 6 is a HMF. Because of the relatively large induced oxygen moments (see Table  I ) we use six exchange functions and calculate the Curie temperature to be T C = 331 K, which is to be compared with the measured value of 308 K. In contrast to this rather straight-forward LSDA-calculation is the case of Ba 2 MnReO 6 .
In both the LSDA and the GGA the electronic structure is calculated to be a metallic ferrimagnet with spin-up Mn-t 2g -states and spin-down Re-e g -states at the Fermi energy. This is in stark contrast to measurements by Popov et al. 13 who found this compound to be of high resistivity. We therefore applied the LDA+U method and obtain a HMF. The DOS is shown in the lower portion of Fig. 9 . Comparing with the case of Ba 2 FeMoO 6 in the upper portion of the Fig. 9 we see that all spin-up Mn states are well below E F and the states at E F are almost purely spin-down Re states. The calculated Curie temperature is 71 K which is in fair agreement with the measured value of 110 K.
In Fig. 10 we finally compare all measured and calculated Curie temperatures. 
IV. SUMMARY
An overall view of the electronic and magnetic structure of the two series considered here is easily obtained by using the simplified level scheme graphed in Fig. 11 , which takes into account the crystal-field splitting of an octahedral environment, viz. t 2g and e g .
Since the two transition metals are coupled antiferromagnetically the double-perovskites can be half metallic ferrimagnets (HMF), antiferromagnets or magnetic insulators (MIN), depending on the valence electron count. The single exception is Sr 2 CrIrO 6 , where the magnetic interaction is more complex. Comparing with Figs. 2 and 3, we see that Fig. 11 (a) and Sr 2 CrRuO 6 shown in Fig. 4 . The series represented by Fig. 11 (b) Fig. 9 are represented in Fig.  11 (b) by the FeMo entry.
Our ab initio calculations of the Curie temperatures of the double-perovskites reproduced the trend shown in Fig. 1 even though we simplified the crystal structure by using cubic cells. The spherical approximation together with the use of spin-spirals proved to be quite reliable here. A glance at Fig. 10 reveals deviations especially in the calculations where the GGA had to be used. It is emphasized, however, that the neglected structural distortions and anti-site disorder can influence the measured magnetic properties so that a comparison with the idealized calculations may only result in qualitative understanding.
Finally, the large Curie temperatures, especially for Sr 2 CrReO 6 and Sr 2 CrOsO 6 , require remarkably large ferromagnetic exchange interactions between the Cr cations. This issue was raised by Sarma et al. 32 and in large detail by Fang et al. 16 who invoked a mechanism that is comparable to double exchange (DE). 33, 34 This mechanism involves charge carriers and is thus operative for the half metallic ferrimagnets. For the magnetic insulators Sr 2 CrOsO 6 and Sr 2 CrRuO 6 and the Mott-Hubbard insulator Sr 2 FeRuO 6 we resort to the antiferromagnetic superexchange (SE), 35 which through the 4d-and 5d-cations results in ferromagnetic exchange between the 3d-cations. The interaction path that is typical for both DE and SE possesses a distinctly visible fingerprint in the Figs. 2 to 9 where the oxygen-transition-metal hybridization is clearly visible at an energy of about -7 eV to -6 eV.
